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Throughout the last 2 decades, experimental evi-
dence from in vitro studies and preclinical models of
disease has demonstrated that reactive oxygen and
nitrogen species, including the reactive oxidant per-
oxynitrite, are generated in parenchymal, endothe-
lial , and infiltrating inflammatory cells during stroke,
myocardial and other forms of reperfusion injury,
myocardial hypertrophy and heart failure, cardiomy-
opathies, circulatory shock, cardiovascular aging,
atherosclerosis and vascular remodeling after injury,
diabetic complications, and neurodegenerative disor-
ders. Peroxynitrite and other reactive species induce
oxidative DNA damage and consequent activation of
the nuclear enzyme poly(ADP-ribose) polymerase 1
(PARP-1), the most abundant isoform of the PARP
enzyme family. PARP overactivation depletes its sub-
strate NAD�, slowing the rate of glycolysis, electron
transport, and ATP formation, eventually leading to
functional impairment or death of cells, as well as
up-regulation of various proinflammatory pathways.
In related animal models of disease, peroxynitrite
neutralization or pharmacological inhibition of PARP
provides significant therapeutic benefits. Therefore,
novel antioxidants and PARP inhibitors have entered
clinical development for the experimental therapy of
various cardiovascular and other diseases. This re-
view focuses on the human data available on the
pathophysiological relevance of the peroxynitrite-
PARP pathway in a wide range of disparate diseases,
ranging from myocardial ischemia/reperfusion in-
jury, myocarditis, heart failure, circulatory shock,
and diabetic complications to atherosclerosis, arthri-
tis, colitis, and neurodegenerative disorders. (Am J
Pathol 2008, 173:2–13; DOI: 10.2353/ajpath.2008.080019)

The nuclear enzyme poly(ADP-ribose) polymerase 1, a
highly conserved protein of 116 kDa, is the most abun-
dant isoform of the PARP enzyme family. The structure
and the function of PARP-1 has been a subject of a
number of recent reviews.1–3 Poly(ADP-ribosyl)ation has
been implicated in the regulation of multiple physiological
cellular functions such as DNA repair, gene transcription,
cell cycle progression, cell death, chromatin function,
and genomic stability.4 Because PARP becomes acti-
vated in response to DNA breaks, the nature of the var-
ious endogenous species capable of inducing DNA
strand breaks, and thereby activating PARP, in various
disease conditions has become of crucial interest. Per-
oxynitrite (a reactive nitrogen species formed from the
diffusion-limited reaction of nitric oxide and superoxide
anion) has been identified as a pathophysiologically rel-
evant trigger of PARP activation (Figure 1).1,2 Peroxyni-
trite can also induce pathophysiological alterations inde-
pendently from PARP as well. These alterations are
multiple, and include protein modifications (of which the
most studied is tyrosine nitration), DNA modifications,
alterations in cellular signal transduction pathways, lead-
ing to changes in inflammatory responses and promotion
of cell death via apoptotic and necrotic routes (Figure
1).5,6 It has been suggested that there is an additive or
synergistic relationship between the PARP-dependent
and the PARP-independent pathophysiological actions.6–8

From a pathophysiological standpoint, PARP activation
can contribute to the development of disease via two
main mechanisms: by driving the cell into an energetic
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deficit and a state of dysfunction and by catalyzing the
activation of proinflammatory pathways. Regarding the
former pathway, PARP-1 functions as a DNA damage
sensor and signaling molecule, binding to both single-
and double-stranded DNA breaks. On binding to dam-
aged DNA, PARP-1 forms homodimers and catalyzes the
cleavage of NAD� into nicotinamide and ADP-ribose to
form long branches of ADP-ribose polymers on target
proteins such as histones and PARP-1 itself. This process
results in cellular energetic depletion, mitochondrial dys-
function, and ultimately necrosis.1,2 As for the latter path-
way, numerous transcription factors, DNA replication fac-
tors, and signaling molecules have also been shown to
become poly(ADP-ribosylated) by PARP-1, but a PARP-

mediated activation of the pluripotent transcription factor
nuclear factor-�B (NF-�B) appears to be of crucial impor-
tance.2,9 Importantly, numerous recent studies have sug-
gested that PARP-1 activity can be modulated by several
endogenous factors, and PARP-1 can also modulate im-
portant signaling pathways (Figure 2).8

Multiple lines of studies demonstrate that neutralization
of peroxynitrite and/or pharmacological inhibition or ge-
netic inactivation of PARP is therapeutically effective in a
wide range of cardiovascular, inflammatory, vascular,
and neurodegenerative diseases, by protecting against
cell death as well as by down-regulating multiple inflam-
matory pathways.2,5,6 The main body of evidence on the
role of peroxynitrite and PARP in the development of

Figure 1. The nitric oxide-peroxynitrite-PARP pathway in health and disease. Nitric oxide (NO) activates the soluble guanylate cyclase (sGC)-cyclic guanosine-
3�,5�-monophosphate (cGMP) signal transduction pathway and mediates various physiological/beneficial effects including synaptic plasticity; vasodilation;
inhibition of platelet aggregation; anti-inflammatory, anti-remodeling, and anti-apoptotic effects; just mentioning a few. Under pathophysiological conditions (eg,
stroke, myocardial infarction, chronic heart failure, diabetes, circulatory shock, chronic inflammatory diseases, cancer, and neurodegenerative disorders, and so
forth), nitric oxide and superoxide (�O2

�) react to form peroxynitrite (ONOO�) that induces cell damage via lipid peroxidation, inactivation of enzymes and other
proteins by oxidation and nitration, and also activation of stress signaling, matrix metalloproteinases (MMPs) among others. Mitochondrial enzymes are particularly
vulnerable to attacks by peroxynitrite, leading to reduced ATP formation and induction of mitochondrial permeability transition by opening of the permeability
transition pore (PTP), which dissipates the mitochondrial membrane potential (��). These events result in cessation of electron transport and ATP formation,
mitochondrial swelling, and permeabilization of the outer mitochondrial membrane, allowing the efflux of several proapoptotic molecules, including cytochrome
c and apoptosis-inducing factor (AIF). In turn, cytochrome c and AIF activate a series of downstream effectors that mediate caspase-dependent and -independent
apoptotic death pathways. In addition to its damaging effects on mitochondria, peroxynitrite, in concert with other oxidants, causes oxidative injury to DNA,
resulting in DNA strand breakage which in turn activates the nuclear enzyme poly(ADP-ribose) polymerase (PARP-1). Activated PARP-1 consumes NAD to build
up poly(ADP-ribose) polymers (PAR), which are themselves rapidly metabolized by the activity of poly(ADP-ribose) glycohydrolase (PARG). Some free PAR may
exit the nucleus and travel to the mitochondria, where they amplify the mitochondrial efflux of AIF (nuclear to mitochondria cross talk). Depending on the severity
of the initial damage by peroxynitrite and other oxidants, the injured cell may either recover or die. In the latter case, the cell may be executed by apoptosis in
case of moderate mitochondrial PTP opening and PARP-1 activation with preservation of cellular ATP, or by necrosis in case of widespread PTP opening and
PARP-1 overactivation, leading to massive NAD consumption and collapse of cellular ATP. Overactivated PARP-1 also facilitates the expression of a variety of
inflammatory genes leading to increased inflammation and associated tissue injury.
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disease is based on in vitro studies (including studies in
human primary cells and cell lines), as well as on various
animal models of disease, and has been reviewed in
multiple specialized review articles.3,8,10–18 The current
review focuses on the evidence accumulating on the
pathophysiological pathways associated with the pro-
duction of peroxynitrite and the activation of PARP spe-
cifically in human disease (see also Table 1).

The connection between these two pathophysiological
pathways is close and multiple, as supported by in vitro
data, as well as preclinical animal studies using various
pharmacological inhibitors. The pathological activation of
PARP requires the development of DNA single-strand
breaks in vivo.75 In theory, breaks in the DNA can be
brought about by a variety of oxidant and free radical
species, including hydroxyl radical and peroxynitrite (but
not by superoxide or nitric oxide). From a variety of stud-
ies, however, it is clear (as discussed in Virag and
Szabo1), that peroxynitrite is the key pathophysiological
species that can trigger such DNA injury in vivo. Peroxyni-
trite is formed by the rapid, diffusion-controlled reaction

of NO and superoxide, with superoxide being the con-
centration-limiting step in most disease conditions.5,6

Peroxynitrite (as opposed to hydroxyl radical, which does
not travel significant distances), can cross cell mem-
branes, enter the nucleus, and trigger breaks in the
strands of the DNA.1,5,6 Currently, no other species is
known with the capacity of both having a long enough
half-life to travel within and between cells and having the
ability to break the DNA.6 In vitro studies clearly demon-
strate that exogenously applied or endogenously pro-
duced peroxynitrite induces DNA strand breakage and
PARP activation, and peroxynitrite-induced cell death
can be attenuated by pharmacological inhibition of PARP
or by genetic inactivation of PARP-1.76–78 The connection
between peroxynitrite production and PARP activation in
various disease conditions in vivo is also supported by a
variety of in vivo studies showing the formation of per-
oxynitrite (usually by its footprint, nitrotyrosine) and the
development of DNA strand breaks and PARP activation
in closely overlapping organs and tissues in a variety of
diseases (see following sections). Furthermore, there are

Figure 2. Exogenous/endogenous, regulators/modulators of PARP activity. Various endogenous factors can influence PARP activity either by forming a complex
with PARP or inhibiting the binding of its substrate NAD� to the active site of the enzyme. Such examples may include estrogen (E), thyroid hormones (T),
nicotinamide (NA), NAD� metabolites, and vitamin D. PARP activity can also be modulated by various kinases by phosphorylation (eg, MAP kinases and PKC),
and PARP can modulate kinase (eg, AKT) activity. Different exogenous factors (eg, caffeine and its endogenously formed metabolites, theophylline, and
tetracycline antibiotics) may also modulate PARP activity.
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Table 1. Evidence for Peroxynitrite Formation and PARP Activation in Selected Human Diseases

Disease Human evidence for peroxynitrite formation Human evidence for PARP activation

Myocardial
infarction, bypass
surgery, cardiac
allograft rejection

Increased oxidative stress, NO breakdown products,
and nitrotyrosine in the serum and/or in myocardial
biopsy specimens before and at the end of
cardiopulmonary bypass, cardiac allograft rejection,
and in patients with cardiogenic shock after acute
myocardial infarction.19–26

PARP activation in circulating leukocytes
in patients with myocardial infarction
and therapeutic revascularization.27,28

Circulatory shock In chronic renal failure patients with septic shock there
is an increase in plasma nitrotyrosine. Plasma
nitrotyrosine levels correlate with the severity of
septic shock. Specific myocardial and skeletal
muscle proteins show nitration in human sepsis
(including inducible NO synthase).6,29,30

In myocardial sections of patients with
circulatory shock, significant PARP
activation is observed. The degree of
PARP activation shows a close
correlation with the degree of
myocardial dysfunction.31

Chronic heart
failure

SERCA nitration is increased in human heart failure.
Cardiomyocyte and skeletal muscle tyrosine nitration
is increased in patients with heart failure.
Overexpression of inducible NO synthase in human
myocytes induces depression of cardiac contractility
via a mechanism that probably involves
peroxynitrite.6,32–34

Poly(ADP-ribosyl)ation in human heart
samples in end-stage heart failure and
in heart failure followed by left
ventricular heart assist device
implantation.35–38

Stroke, brain
ischemia, brain
trauma

Increased nitrotyrosine staining of brain tissue in
asphyxiated neonates, and elevated plasma
nitrotyrosine levels in patients with acute ischemic
stroke compared to controls.39–41

Activation of PARP in brain sections from
patients dying from stroke, brain ischemia
attributable to cardiac arrest, as well as in
patients with brain trauma.42,43

Neuroinflammatory
diseases

Increased oxidative stress and increased NO
breakdown products in the cerebrospinal fluid of
multiple sclerosis patients. Increased tyrosine
nitration in post-mortem analysis of CNS lesions
from multiple sclerosis patients.6,44

No human evidence so far

Neurodegenerative
diseases

Human evidence for the nitration and oxidative
dimerization of tau protein, tyrosine hydroxylase,
and �-synuclein in Alzheimer’s disease, Parkinson’s
disease, and ALS.6,44

Poly(ADP-ribosyl)ation in brain sections
from patients with Alzheimer’s disease,
Parkinson’s disease, and ALS.45–48

Local inflammatory
diseases
(arthritis, colitis)

Increased oxidative stress, increased NO breakdown
products, and elevated tyrosine nitration in synovial
fluid from arthritic patients. Increased tyrosine
nitration in colonic biopsies of colitic patients.5,6

Autoantibodies against PARP in arthritis,
SLE, and other autoimmune diseases.
Preliminary evidence for increased
poly(ADP-ribosyl)ation in biopsies from
patients with colitis. Poly(ADP-
ribosyl)ation patterns in human inflamed
tissues have not yet been studied in
detail.49–53

Vascular diseases
including diabetic
complications

Increased oxidative stress, increased NO breakdown
products, and elevated tyrosine nitration in serum
and vascular/myocardial samples from patients with
hypertension, atherosclerosis, and diabetic vascular
disease. Kidneys of patients with diabetic
nephropathy and microvessels of diabetic patients
show evidence of tyrosine nitration. There is marked
placental tyrosine nitration in diabetes. Circulating
leukocytes also show signs of tyrosine nitration.5,6,54–63

Activation of PARP in human
atherosclerotic plaques, in
microvessels, and lymphocytes of type 2
diabetic patients. Treatment with
angiotensin-II receptor blocker valsartan
improves the microvascular function of
type 2 diabetic patients, and decreases
microvascular PARP activity.13,18,57,64–66

Organ
transplantation;
transplant
rejection (see
also cardiac
allograft rejection
above)

Human evidence for nitrated MnSOD in kidney
transplants.5,6

Increased expression of PARP-1 in
transplanted kidneys correlates with
worsened outcome after
transplantation.67,68

Type I diabetes Diabetic islets show elevated levels of 3-nitrotyrosine.
Human pancreatic �-cells are sensitive to the toxic
effect of peroxynitrite. The presence of AEOL-10150
during human islet preservation improves islet
function and preserves pancreatic islet mass.5,6

No human evidence so far

Pulmonary diseases Elevated levels of nitrotyrosine have been detected in
the serum, bronchoalveolar lavage fluid, and lung
sections of patients with acute lung injury �eg, the
acute respiratory distress syndrome (ARDS)�, and
antibodies against these nitrated proteins.69–72

Elevated serum nitrotyrosine levels were associated
with vascular damage to the lung in patients with
systemic sclerosis.73

Increased poly(ADP-ribosyl)ation in
peripheral blood lymphocytes from
patients with chronic obstructive
pulmonary disease.74

Note: See text and the reviews1,5,6,18 for further information and references.
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multiple published animal studies demonstrating that
pharmacological neutralization of peroxynitrite formation
(by peroxynitrite decomposition catalysts or by various
antioxidants inhibiting the formation or reactions of its
precursors superoxide and NO) is associated with a re-
duced degree of PARP activation.79–87 These observa-
tions support the view that peroxynitrite formation and
PARP activation are closely connected in various patho-
physiological conditions. Obviously, peroxynitrite can ex-
ert PARP-independent pathophysiological actions as
well6—these effects almost certainly contribute to cell
and tissue damage in an additive or synergistic manner
with the pathways that involve PARP.

In the following sections we discuss the main cardio-
vascular, inflammatory, and neurodegenerative diseases
in which the reactive oxidant species/PARP relationship
has been well established. Although PARP inhibitors
have also gained clinical relevance in the context of
cancer, in this condition endogenous reactive species do
not appear to play a role as an activator of PARP. Instead,
PARP inhibition is typically used to prevent the repair of DNA
when given in combination of DNA-damaging anticancer
drugs. The current review will not cover this separate area,
since it has been a subject of multiple recent reviews.88–91

Peroxynitrite Formation and PARP Activation
in Human Hearts

There is accumulating evidence (discussed below) in
support of the role of endogenous peroxynitrite genera-
tion in human myocardium during reperfusion injury, hu-
man transplant coronary artery disease, heart failure, viral
myocarditis, and sepsis. Ischemic-reperfusion injury is
the primary cause of tissue damage occurring in condi-
tions such as stroke, myocardial infarction, cardiopulmo-
nary bypass, aortic reconstructive surgery, organ trans-
plantation, and a pivotal mechanism of end-organ
damage complicating the course of circulatory shock.
The burst of reactive oxygen species (superoxide anion,
hydrogen peroxide, and hydroxyl radical) derived from
multiple sources [eg, NAD(P)H and xanthine oxidases,
mitochondria, and uncoupled eNOS] and nitrogen spe-
cies (eg, peroxynitrite) immediately on reperfusion ini-
tiates a chain of deleterious cellular responses ultimately
leading to the following effects: coronary endothelial dys-
function; adherence of neutrophils to endothelium, trans-
endothelial migration, and the release of inflammatory
mediators; transient impairment of left ventricular systolic
function or myocardial stunning; acute diastolic dysfunc-
tion; cellular calcium overload; re-energization-induced
myocyte hypercontracture; arrhythmia; and cell death.6,92,93

Numerous recent human studies have investigated
plasma nitrotyrosine levels from coronary sinus effluent
and/or arterial blood19,20 or myocardial nitrotyrosine im-
munoreactivity (footprint of peroxynitrite formation and
nitrative stress) from left ventricular biopsy specimen21

before and at the end of cardiopulmonary bypass. The
difference between plasma nitrotyrosine levels from cor-
onary sinus effluent and arterial blood (index of myocar-
dium-derived peroxynitrite generation) peaks at 5 min-

utes after reperfusion, and significantly correlated with
the peak coronary sinus effluent and arterial blood differ-
ence in plasma malondialdehyde concentrations (index
of myocardial oxidative stress and lipid peroxidation), as
well as with postoperative maximum creatinine kinase
level (index of myocardial injury).19 The cardioplegia-
induced myocardial ischemia/reperfusion has also been
associated with increased 9-isoprostane and nitroty-
rosine formation and inducible nitric oxide synthase
(iNOS) expression,21 further supporting the role of both
reactive oxygen species and peroxynitrite in mediating
the myocardial damage. Increased immunostaining for
iNOS and nitrotyrosine have also been observed in left
ventricular biopsy specimens of patients with hibernating
myocardium (a state of chronic contractile dysfunction
present at rest in a territory subtended by a stenosed
coronary artery that recovers after revascularization,
most likely originated from repetitive episodes of transient
ischemia22), and in human coronary arteries of patients
with human transplant coronary artery disease, a major
cause of late mortality after cardiac transplantation,24 and
during cardiac allograft rejection in human hearts.23–25

Increased nitrotyrosine immunoreactivity has been
found in human biopsy specimens with viral myocarditis
and sepsis, suggesting a pathogenetic role of peroxynitrite
formation and/or protein nitration in these diseases.29,30 A
correlation between increased nitrotyrosine formation
with myofibrillar creatine kinase inhibition has also ob-
served in human atrial appendages from patients with
fibrillation,94 and increased iNOS protein expression cor-
related with increased nitrotyrosine formation in myocar-
dial specimens of patients with heart failure. Although
iNOS-positive patients are generally characterized by
larger left ventricular volume and depressed function, the
preserved generation of nitric oxide appears to be asso-
ciated with higher cardiac work attributable to the pre-
served Frank-Starling relationship in end-stage heart
failure.32 Increased nitration of sarcoplasmic reticulum
Ca2�-ATPase33 and myocardial �-actinin34 in idiopathic
dilated cardiomyopathic human hearts has also been
reported, and positive correlation between the time to
half-relaxation and the nitrotyrosine/SERCA2a content in
myocytes has been observed.33 Peroxynitrite may also in-
hibit sGC and impair the activity of ion channels responsible
for the generation of K� and Ca� currents, thereby contrib-
uting to development of nitrate tolerance in humans.6

As reviewed above, reperfusion injury is associated with the
production of reactive oxygen and nitrogen species in the
human heart in various diseases. It is not surprising, then,
that PARP activation also occurs in the same organ, as
shown at first in animal cell culture systems11,18,95 and in
human myocardial cell lines exposed to various oxidants
and free radicals.12 As far as the evidence for PARP acti-
vation in human hearts goes, early series of studies suggest
that PARP in myocytes may be a substrate of caspases
(and hence a marker, and possible active contributor) of
apoptosis.96 However, additional work in myocardial infrac-
tion and heart failure indicates that the cleavage of PARP is
actually not widespread in diseased human hearts.35 At
present, only a limited number of human studies have been
conducted to investigate whether PARP is activated in hu-
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man cardiomyocytes and endothelial cells during myocar-
dial reperfusion injury or cardiac failure. No evidence for
significant PARP activation has been noted in human heart
atria during blood cardioplegia and cardiopulmonary by-
pass.97 However, in a study27 investigating multiple as-
pects of human myocardial ischemia/reperfusion-related
pathologies by analyzing serum, plasma, and isolated pe-
ripheral leukocyte samples from cardiovascular patients
with acute ST-segment elevation myocardial infarction and
successful primary angioplastic intervention have provided
evidence for 1) oxidative/peroxidative imbalance (in-
creased total plasma peroxide concentration and nitroty-
rosine production), 2) angioplasty-triggered DNA damage
(substantiated by increased levels of serum 8OHdG), 3)
rapid activation of PARP-1 in circulating human peripheral
leukocytes (demonstrated by immunohistochemistry and
Western blotting) after revascularization of the occluded
coronary artery, and 4) translocation of the AIF from mito-
chondria to nuclei (which might well be a consequence of
PARP activation). These observations further support the
theory that recanalization of an occluded blood vessel trig-
gers oxidative/nitrosative stress in humans and demon-
strate that local myocardial ischemia/reperfusion triggered
by percutaneous interventions in acute myocardial infarc-
tion is capable of generating systemic oxidative responses.27

Similar findings have been reported in follow-on study in
circulating mononuclear cells obtained from patients with
myocardial infarction without revascularization.28 Inotek
(Beverly, MA) is developing the potent PARP inhibitor
INO-1001. The first human clinical study with a PARP
inhibitor in a cardiovascular indication involved a phase 2
prospective, single-blind, multicenter, dose-escalation
study of a single dose of intravenous INO-1001 adminis-
tered to patients with acute STEMI, who were to be
treated with primary percutaneous coronary intervention.
INO-1001 induced a tendency to reduce the plasma levels of
C-reactive protein and the inflammatory marker interleukin-6,
without reducing plasma markers of myocardial injury. No
drug-related serious adverse events were observed in the
patients receiving drug during the study period.98 Although
some of these data appear encouraging, additional studies in
larger patient population are needed.

There is also evidence for PARP activation in human
myocytes during heart failure after left ventricular assist
device implantation,35 as well as in end-stage cardiac
failure36–38 and in septic shock.31 In the latter condition,
a statistically significant positive correlation has been
noted between degree of myocardial PARP activation
and the degree of myocardial dysfunction, supporting the
view that PARP activation is an active contributor to the
loss of cardiac contractility in sepsis.

Peroxynitrite Formation and PARP Activation
in Diseases of the Central and Peripheral
Nervous System

Peroxynitrite formation and/or protein nitration has been
implicated in pathogenesis of stroke, Alzheimer’s dis-
ease, Parkinson’s disease, amyotrophic lateral sclerosis,

and multiple sclerosis.6,44 Nitrotyrosine immunoreactivity
is increased in these disorders in human autopsy sam-
ples, and elevated free nitrotyrosine, nitrite, and nitrate
levels are detected in the cerebral spinal fluid of
patients.6,44 Once generated in the diseased brain, per-
oxynitrite may exert its toxic effects via multiple mecha-
nisms, including protein nitration and oxidation, lipid
peroxidation, mitochondrial damage, depletion of antiox-
idant reserves (especially glutathione), activation or inhi-
bition of various signaling pathways, and DNA damage
followed by the activation of the nuclear enzyme
PARP.2,6,44

There is extensive evidence obtained from various pre-
clinical models of stroke on the generation and patho-
physiological role of endogenous peroxynitrite formation
based on the demonstration that nitrotyrosine rapidly ac-
cumulates in the brain after transient or permanent isch-
emia, and the nitrotyrosine accumulation is markedly pre-
vented by strategies blocking nitric oxide or superoxide
generation, as well as by treatments aimed at directly scav-
enging peroxynitrite.5,6 Increased nitrotyrosine staining of
brain tissue in asphyxiated neonates has been demon-
strated,39 and plasma nitrotyrosine levels are signifi-
cantly higher in patients with acute ischemic stroke
compared with controls.40,41

Increased nitrotyrosine levels have been found in hip-
pocampus, neocortical regions, and cerebrospinal fluid
of Alzheimer’s disease patients.6 Notably, the high levels
of 3-NT in cerebrospinal fluid correlates with the de-
crease in cognitive function in Alzheimer’s disease
patients.6 Nitration of a variety of proteins including syn-
aptophysin, proteins involved in glucose metabolism, cy-
toskeletal integrity, antioxidant defense, just naming a
few, have also been reported in Alzheimer’s disease.6

Increased nitrotyrosine accumulation has been found
in Lewy bodies (a characteristic feature of Parkinson’s
disease) and polymorphonuclear cells of Parkinson’s dis-
ease patients.6 In the latter the accumulation of nitroty-
rosine-containing proteins is accompanied by overex-
pression of nNOS.6 Peroxynitrite may contribute to
nitration and inactivation of tyrosine hydroxylase (the rate
limiting enzyme in the biosynthesis of dopamine), gluta-
thione reductase, and mitochondrial complex I, thereby
contributing to damage of neuronal cells.6,44

Increased immunoreactivity for iNOS and nitrotyrosine
is also detectable in inflammatory plaques in multiple
sclerosis patients together with elevated levels of nitrate
and nitrite in cerebrospinal fluid, urine, and serum.6 Fur-
thermore, the overall improvement of the inflammatory
disease is associated with attenuated iNOS expression in
demyelinated plaques from multiple sclerosis patients.6

A number of investigators have also found increased
tyrosine nitration in human amyotrophic lateral sclerosis
patients.6

In accordance with the multiple studies demonstrating
increased peroxynitrite formation (and increased oxida-
tive and nitrosative stress, in general) in various human
central nervous system diseases, there is also evidence
for the role of PARP activation in the central nervous
system in various forms of human diseases including
stroke,43 global brain ischemia after cardiac arrest,42
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Alzheimer’s disease,45 Parkinson’s disease,46 and amyo-
trophic lateral sclerosis.47,48 In human stroke, it is inter-
esting to note that the pattern of PARP activation is bi-
phasic In the early stage of stroke (up to 24 hours), the
activation of PARP is present primarily in neuronal ele-
ments. Subsequently, (at 3 to 4 days after stroke), a second
wave of PARP activation is evident, but this time it appears
to localize to infiltrating immune/inflammatory cells.43

With respect to Alzheimer’s disease, the activation of
PARP mainly localizes to small pyramidal neurons.45 It is
interesting to mention that a recent study has reported
the development of circulating IgG antibodies against
poly(ADP-ribose) in the serum of patients with Alzheimer’s
disease.99 Most likely the background of this phenomenon
is that PARP activation, followed by necrosis and the
release of cellular content into the extracellular space,
makes poly(ADP-ribose) or poly(ADP-ribosylated) pro-
teins immunogenic. It is also interesting to note that in a
polymorphism study involving Spanish Alzheimer’s dis-
ease patients and healthy controls, certain PARP-1 hap-
lotypes were associated with an increased risk for Alz-
heimer’s disease.100

Multiple studies demonstrate increases in poly(ADP-
ribose), a marker of PARP activation in the dopaminergic
neurons of the substantia nigra in Parkinson disease.46 In
multiple sclerosis, a primate model indicates that PARP
activation is increased in the affected zones,101 but no
human data have yet been published on this subject. In
amyotrophic lateral sclerosis, it appears that not only the
overall activity but also the expression of PARP-1 is in-
creased in the central nervous system.47,48 A similar
phenomenon pertains to human posttraumatic brain in-
jury, where both the activity and the expression of
PARP-1 have been reported to increase.102 Multiple lines
of recent evidence also suggests that increased per-
oxynitrite formation and PARP activation play a key role in
the pathogenesis of diabetic neuropathy both in experi-
mental models6,14,62,63 and in clinical disease.103

Peroxynitrite Formation and PARP Activation
in Human Vascular Diseases

Accumulating evidence suggests that the endothelial
dysfunction in diabetes, hypertension, atherosclerosis,
shock, and heart failure is related to the local formation of
reactive oxygen and nitrogen species in the vicinity of the
vascular endothelium and PARP activation.6 Peroxynitrite
may contribute to the vascular dysfunction by various
complex interrelated mechanisms,6 which may involve
endothelial glycocalyx disruption, up-regulation of adhe-
sion molecules in endothelial cells, enhancement of neu-
trophil adhesion, inhibition of voltage-gated K� K(v) and
Ca2�-activated K� channels in coronary arterioles and
vascular prostacyclin synthase, and apoptosis and/or
PARP-dependent cell death in endothelial and vascular
smooth muscle cells,6 among many others.

Several lines of evidence support the pathogenetic
role of endogenous peroxynitrite formation in diabetic
cardiovascular complications in humans6,12,63: 1) in-
creased nitrotyrosine levels are detectable in plasma and

platelets of diabetic patients6; 2) hyperglycemia induces
increased nitrotyrosine formation in human endothelial
cells6 and in diabetic patients during a period of post-
prandial hyperglycemia54,55; and 3) the degree of cell
death and/or dysfunction correlates with levels of nitroty-
rosine in endothelial cells, cardiomyocytes, and fibro-
blasts from myocardial biopsies of diabetic patients,56

and the nitrotyrosine immunoreactivity is increased in the
microvasculature of type 2 diabetic patients and corre-
lates with fasting blood glucose, HbA1c, intracellular ad-
hesion molecule, vascular cellular adhesion molecule,
and endothelial dysfunction.57

In accordance with the multiple lines of data from
blood vessels from experimental animals supporting the
role of PARP in the pathogenesis of diabetic vascular
dysfunction,13 there is significant direct experimental ev-
idence showing the role of PARP activation. In a study
focusing on the human diabetic microvasculature, we
have compared a control group of healthy patients, a
group of healthy individuals with parental history of type 2
diabetes, a group of patients with impaired glucose tol-
erance, and a group of type 2 diabetic patients.57 Two
2-mm forearm skin biopsies were taken from each par-
ticipant and used for measurements. The percentage of
PARP-positive endothelial nuclei was higher in the group
with parental history of type 2 diabetes and diabetic
patients compared with the controls, positively correlat-
ing with endothelial dysfunction.57 These data clearly
demonstrate that PARP activation is present in healthy
patients at risk of developing diabetes as well as in
established type 2 diabetic patients and is associated
with impairments in the vascular reactivity in the skin
microcirculation (whereas no such association was noted
between the loss of vascular reactivity and any of the
other diabetic markers studied).57

Vascular PARP activation in diabetes may be a con-
tributor to the impaired cellular energetic status, as
shown in a study in human diabetic patients with and
without neuropathy.104 In a follow-up study, it was noted
that a 12-week treatment with the angiotensin-II receptor
blocker valsartan improved the microvascular function of
type 2 diabetic patients, and this effect was associated
with a reduction in the microvascular PARP activity of
these patients.65 These findings are in agreement with
previous preclinical data demonstrating that angiotensin
II is a potent activator of the PARP pathway via stimulation
of intracellular reactive species formation in vitro and in
vivo.18 It appears that PARP activation (as well as the
expression of PARP) also increases in peripheral blood
lymphocytes in type II diabetes,66 most likely attributable
to increased oxidative stress in the vicinity of the blood
vessels causing DNA strand breakage and PARP activa-
tion in circulating nucleated cells.

Vascular hyporeactivity (ie, the loss of the blood vessel
to contract in response to vasoconstrictor agents), which
is a characteristic feature of septic and hemorrhagic
shock, is accompanied by increased nitrotyrosine forma-
tion and PARP activation, which can be ameliorated by
peroxynitrite scavengers and PARP inhibitors.1,2,6 Per-
oxynitrite may also modulate vascular contractility in
circulatory shock by altering catecholamine receptor

8 Pacher and Szabo
AJP July 2008, Vol. 173, No. 1



signaling.6 Although there is a multitude of studies dem-
onstrating the importance of the PARP pathway in the
development of vascular dysfunction and proinflamma-
tory vascular alterations in human endothelial cells in
culture,1 the experimental evidence for the role of the PARP
pathway in circulatory shock as well as various forms of
other human vascular diseases is relatively scarce. One
study reported that septic serum depresses the viability and
the mitochondrial respiration of endothelial cells in culture
ex vivo, an effect that was prevented by a pharmacological
inhibitor of PARP.105 If such mechanisms are also operative
in vivo, they may be responsible for a PARP-dependent
vascular hyporeactivity phenomenon in sepsis.

Compelling evidence derived from preclinical studies
has emerged supporting the importance of endogenous
peroxynitrite formation and protein nitration in the patho-
genesis of arterial hypertension.6,106 Increased cell death
and NT formation were reported in human hearts of dia-
betic and hypertensive patients,56 and in kidney-trans-
planted patients with cyclosporine-induced hyperten-
sion, carvediol increased plasma antioxidant power and
reduced 3-NT and transforming growth factor-� mRNA
levels.58 Furthermore, plasma nitrotyrosine and 8-iso-
prostane levels are significantly higher in the hyperten-
sive patients than in normotensive controls.59,60 The role
of the PARP pathway in human hypertension has not yet
been investigated, although animal data support the view
that it plays a pathogenetic role.18,107

Numerous studies have demonstrated increased 3-ni-
trotyrosine and iNOS expression in human atheroscle-
rotic tissue,6 correlating with plaque instability in patients
supporting the pathogenetic role of peroxynitrite in ath-
erosclerosis.6 Reactive oxygen and nitrogen species-
PARP-1 pathway also plays an important role in the
pathogenesis of restenosis after vascular injury.6 Several
studies have demonstrated increased 3-nitrotyosine im-
munoreactivity and/or iNOS overexpression in media and
neointima after balloon injury (a model of restenosis6),
and increased 3-nitrotyosine/tyrosine ratio in the serum of
patients after stent implantation.61 The serum 3-nitroty-
rosine/tyrosine ratio appears to be an independent predic-
tor of angiographic late lumen loss in patients.61 There is also
experimental evidence for the up-regulation and activation of
the PARP pathway in human atherosclerotic plaques.64

Numerous experimental studies have also found in-
creased cardiovascular peroxynitrite formation-PARP acti-
vation and have demonstrated beneficial effects of
peroxynitrite scavengers and/or PARP inhibitors on cardio-
vascular functional impairments associated with aging or
heart failure, supporting the concept that this pathway plays
and important role in cardiovascular pathology.6,16,18 There
are currently no published data on the activation of PARP in
blood vessels from humans with aging or cardiac failure.

Peroxynitrite Formation and PARP Activation
in Other Human Tissues and Diseases

There are multiple lines of strong preclinical data impli-
cating a pathogenetic role of endogenous peroxynitrite
formation and PARP activation in the development and

progression of primary diabetes, reperfusion injury of
liver, kidney, and other organs, as well as inflammatory
disorders of the gastrointestinal tract, asthma, and acute
lung disorders.1,5,6 Nevertheless, only a very limited num-
ber of clinical studies have investigated the associative
(but not the possible causative) role of PARP in inflam-
mation, and they tend to focus on rheumatoid arthritis
(Table 1). The oldest body of literature focuses on anti-
bodies against PARP in the serum of patients with auto-
immune diseases. Such antibodies were demonstrated in
patients with rheumatoid arthritis, systemic lupus erythem-
atosus, systemic sclerosis, and Sjögren’s syndrome,49–52 as
well as ulcerative colitis and Crohn’s disease.53 It is pos-
sible that these antibodies are emerging because the
metabolism of the poly(ADP-ribose) is markedly de-
creased, as demonstrated in lymphocytes from patients
with SLE.108 Whether these complexes play any role in
the pathogenesis of the disease, or whether they can be
used as markers or indicators of disease severity remains
to be determined.

More recent studies have investigated the possible
role of PARP polymorphisms in the pathogenesis of var-
ious inflammatory diseases. A study involving a popula-
tion of Spanish patients with rheumatoid arthritis identi-
fied two unique PARP-1 haplotypes that may play a role in
susceptibility to the disease.109 A study in Korean pa-
tients has unveiled that certain polymorphisms in PARP
are significantly associated with nephritis and arthritis in
systemic lupus erythematosus patients.110 Additional
disease conditions in which PARP activation has been
directly demonstrated in humans include chronic ob-
structive pulmonary disease, with peripheral blood lym-
phocytes showing signs of PARP activation,74 ulcerative
colitis (A. Keshavarzian, Z. Zsengeller, C. Szabo, unpublished
observations), and kidney transplantation, in which higher ex-
pression of PARP-1 in transplanted kidneys is associated with
a worsening of allograft renal function.67,68

Perspectives

Throughout the last 2 decades, the field of peroxynitrite
has emerged, and the field of PARP has undergone a
number of important directional changes. In 1990 per-
oxynitrite was described as an interesting biochemical
intermediate of NO and superoxide,111 with the potential
of being an endogenous cytotoxin. Throughout the last 18
years, the cytotoxic effects of the molecule have been
confirmed in multiple disease conditions, and, as shown
in the current review, the evidence for its role in human
disease has accumulated. Currently, major research ef-
forts in the field of peroxynitrite continue to focus on
better understanding the molecular mechanisms of this
species in triggering cell death (apoptosis, necrosis) as
well as inflammatory mediator production. In addition,
multiple approaches have been initiated to therapeuti-
cally neutralize this species, with hope for improved treat-
ment of neurodegenerative, cardiovascular, and inflam-
matory diseases.5,6 The research field of PARP has also
undergone many directional changes. The early focus of

PARP-1 in Human Disease 9
AJP July 2008, Vol. 173, No. 1



the research work implicating PARP in DNA repair, and
PARP cleavage as a marker/potential effector of apopto-
sis has shifted in the mid 1990s to focus on the phenom-
enon of PARP activation, as an active process in the
pathogenesis of various diseases.78,112 In the late 1990s,
the exact role of PARP in regulating cell death has been
clarified, and PARP emerged as an active contributor to
cell necrosis (a process previously characterized as futile
and unregulated).113 Additional work has focused on the
role of PARP in signal transduction and gene expression
processes,2,4,114–117 as well as a re-emergence of PARP
in DNA repair, and efforts to exploit this role of the en-
zyme as an adjunct therapeutic agent to cancer chemo-
therapy.88–91 From 2005, several ultrapotent PARP inhib-
itors have entered the clinical stage of testing, both for
malignancies as well as for cardiovascular diseases. The
clinical testing of PARP inhibitors is expected to produce
additional, direct human evidence for the role of this
enzyme in various diseases. In parallel with the clinical
efforts, exciting recent developments in basic research
have provided evidence for unexpected endogenous
factors in the regulation of PARP, ranging from xanthines
and vitamins to female sex hormones, rendering the reg-
ulation of PARP a much more dynamic and organic pro-
cess than previously thought.8 PARP may also play previously
unrecognized roles in physiological processes, including
memory formation118,119 and angiogenesis,120–123 findings
that will present interesting new challenges both for basic
research as well as clinical exploitation of PARP inhibi-
tors. In addition, the mechanisms whereby PARP activa-
tion contributes to cell injury are constantly being ex-
panded and revised, with recent studies providing
evidence for an interplay between PARP and the mito-
chondrial death factor AIF (apoptosis-inducing factor),124

with evidence for a direct cytotoxic effect of the endog-
enously produced poly(ADP-ribose) polymer,125 as well
as by progress in mechanistically defining the nuclear
interactions of PARP in the regulation of gene expres-
sion.126,127 There is also increasing interest in studying
the role of poly(ADP-ribose) metabolism and minor iso-
forms of PARP family.4,128–130 We can expect that the
up-coming decade will produce both interesting mecha-
nistic basic research advances in the field of peroxynitrite
and PARP, as well as further progress in the therapeutic
translation of the experimental observations at the bed-
side. We can also expect that one question that is being
continuously speculated on (whether chronic PARP inhi-
bition can be an acceptable therapeutic strategy, in light
of the role of the enzyme in DNA repair) (as discussed in
Graziani and Szabo88) will be addressed by direct ex-
perimental means.

Clinical Implications

In the current review, we have presented a large body of
direct human experimental evidence supporting the view
that reactive nitrogen species generation (including, not
exclusively, peroxynitrite) and activation of the nuclear
enzyme PARP contribute to the pathogenesis of various
human diseases. Taking the clinical data together with

the body of preclinical data as a whole, one can surmise
that pharmacological inhibition of PARP may provide sig-
nificant benefits in multiple disease conditions by salvag-
ing cardiomyocytes, endothelial cells, and neurons, by
reducing the degree of inflammation, and by improving
the function of various organs afflicted by diseases that
induce the generation of reactive oxygen and nitrogen
species. As is often the case with human studies, the
relatively low availability of human tissue materials and
the limited availability of clinical-stage PARP inhibitors
are likely to represent the most important bottlenecks in
the generation of additional human data. As the data
stand now, the most available human data relate to var-
ious forms of heart diseases, various forms of acute and
chronic central nervous system diseases, and diabetic
vascular complications. As additional PARP inhibitors en-
ter clinical stage testing, one can hope that the body of
direct human clinical and mechanistic data on the patho-
genetic role of PARP will increase. Also, as recent data
demonstrate that PARP is regulated by a multitude of
physiological factors—which now include, among others,
sex hormones, the active form of vitamin D, caffeine
derivatives, as well as many other molecules (Figure
2)8—one can expect that correlational human studies will
be initiated to test the role of these factors in the regula-
tion of PARP in human health and disease.
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27. Tóth-Zsámboki E, Horvath E, Vargova K, Pankotai E, Murthy K,
Zsengeller Z, Barany T, Pek T, Fekete K, Kiss RG, Preda I, Lacza Z,
Gero D, Szabo C: Activation of poly(ADP-ribose) polymerase by
myocardial ischemia and coronary reperfusion in human circulating
leukocytes. Mol Med 2006, 12:221–228

28. Yao L, Huang K, Huang D, Wang J, Guo H, Liao Y: Acute myocardial
infarction induced increases in plasma tumor necrosis factor-alpha
and interleukin-10 are associated with the activation of poly(ADP-
ribose) polymerase of circulating mononuclear cell. Int J Cardiol
2008, 123:366–368

29. Kooy NW, Lewis SJ, Royall JA, Ye YZ, Kelly DR, Beckman JS:
Extensive tyrosine nitration in human myocardial inflammation: evi-
dence for the presence of peroxynitrite. Crit Care Med 1997,
25:812–819

30. Chaves AA, Mihm MJ, Schanbacher BL, Basuray A, Liu C, Ayers
LW, Bauer JA: Cardiomyopathy in a murine model of AIDS: evidence
of reactive nitrogen species and corroboration in human HIV/AIDS
cardiac tissues. Cardiovasc Res 2003, 60:108–118

31. Soriano FG, Nogueira AC, Caldini EG, Lins MH, Teixeira AC, Cappi
SB, Lotufo PA, Bernik MM, Zsengeller Z, Chen M, Szabo C: Potential

role of poly(adenosine 5�-diphosphate-ribose) polymerase activa-
tion in the pathogenesis of myocardial contractile dysfunction asso-
ciated with human septic shock. Crit Care Med 2006, 34:1073–1079

32. Vanderheyden M, Bartunek J, Knaapen M, Kockx M, De Bruyne B,
Goethals M: Hemodynamic effects of inducible nitric oxide synthase
and nitrotyrosine generation in heart failure. J Heart Lung Transplant
2004, 23:723–728

33. Lokuta AJ, Maertz NA, Meethal SV, Potter KT, Kamp TJ, Valdivia HH,
Haworth RA: Increased nitration of sarcoplasmic reticulum Ca2�-
ATPase in human heart failure. Circulation 2005, 111:988–995
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93. Ungvári Z, Gupte SA, Recchia FA, Batkai S, Pacher P: Role of
oxidative-nitrosative stress and downstream pathways in various
forms of cardiomyopathy and heart failure. Curr Vasc Pharmacol
2005, 3:221–229

94. Mihm MJ, Yu F, Carnes CA, Reiser PJ, McCarthy PM, Van Wagoner
DR, Bauer JA: Impaired myofibrillar energetics and oxidative injury
during human atrial fibrillation. Circulation 2001, 104:174–180

95. Gero D, Szabo C: Role of the peroxynitrite-poly (ADP-ribose) poly-
merase pathway in the pathogenesis of liver injury. Curr Pharm Des
2006, 12:2903–2910

96. Bromme HJ, Holtz J: Apoptosis in the heart: when and why? Mol Cell
Biochem 1996, 163–164:261–275

97. Ramlawi B, Feng J, Mieno S, Szabo C, Zsengeller Z, Clements R,
Sodha N, Boodhwani M, Bianchi C, Sellke FW: Indices of apoptosis
activation after blood cardioplegia and cardiopulmonary bypass.
Circulation 2006, 114:I257–I263

98. Morrow DA, Baran K, Krakover R, Dauerman H, Murphy SA, Kumar
S, McCabe CH, Brickman CM, Salzman AL: Safety, pharmacokinet-
ics, and pharmacodynamics of a single intravenous administration
of INO-1001 in subjects with ST-elevated myocardial infarction
(STEMI) undergoing primary percutaneous coronary intervention:
results of the TIMI 37A trial. J Am Coll Cardiol 2007, 202A

99. Kanai Y, Akatsu H, Iizuka H, Morimoto C: Could serum antibody to
poly(ADP-ribose) and/or histone H1 be marker for senile dementia of
Alzheimer type? Ann NY Acad Sci 2007, 1109:338–344

100. Infante J, Llorca J, Mateo I, Rodriguez-Rodriguez E, Sanchez-
Quintana C, Sanchez-Juan P, Fernandez-Viadero C, Pena N, Ber-
ciano J, Combarros O: Interaction between poly(ADP-ribose) poly-
merase 1 and interleukin 1A genes is associated with Alzheimer’s
disease risk. Dement Geriatr Cogn Disord 2007, 23:215–218

101. Kauppinen TM, Suh SW, Genain CP, Swanson RA: Poly(ADP-ribose)
polymerase-1 activation in a primate model of multiple sclerosis.
J Neurosci Res 2005, 81:190–198

102. Ang BT, Yap E, Lim J, Tan WL, Ng PY, Ng I, Yeo TT: Poly(adenosine
diphosphate-ribose) polymerase expression in human traumatic
brain injury. J Neurosurg 2003, 99:125–130

103. Hoeldtke RD, Bryner KD, McNeill DR, Hobbs GR, Riggs JE,
Warehime SS, Christie I, Ganser G, Van Dyke K: Nitrosative stress,
uric acid, and peripheral nerve function in early type 1 diabetes.
Diabetes 2002, 51:2817–2825

104. Greenman RL, Panasyuk S, Wang X, Lyons TE, Dinh T, Longoria L,
Giurini JM, Freeman J, Khaodhiar L, Veves A: Early changes in the
skin microcirculation and muscle metabolism of the diabetic foot.
Lancet 2005, 366:1711–1717

105. Boulos M, Astiz ME, Barua RS, Osman M: Impaired mitochondrial
function induced by serum from septic shock patients is attenuated
by inhibition of nitric oxide synthase and poly(ADP-ribose) synthase.
Crit Care Med 2003, 31:353–358

106. Escobales N, Crespo MJ: Oxidative-nitrosative stress in hyperten-
sion. Curr Vasc Pharmacol 2005, 3:231–246
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